In citrus blight, a decline disorder of unknown etiology, the tree canopy exhibits symptoms of Zn deficiency while Zn accumulates in the trunk phloem. We have purified a Zn-binding protein ( 
Citrus blight is a unique system for the study of Zn metabolism. Blight is a tree decline disorder that results in a reduction in water conductivity to the extent that the fruit load is appreciably reduced. Early in citrus blight etiology, the so-called predecline stage is characterized by Zn accumulation in phloem tissue, particularly in the trunk (Young et al., 1980; Albrigo and Young, 1981; Albrigo et al., 1986) . This accumulation of Zn in trunk phloem is usually accompanied by Zn-deficiency symptoms in the leaves (Childs, 1953) . The abundance of Zn in phloem tissue is correlated with the presence of Zn-binding factors (Taylor, et al., 1988) . Zn redistribution occurs prior to later decline symptoms (decline stage) and is currently the single identifiable physiological change in blight-affected trees in the predecline stage. The dysfunction in Zn metabolism associated with blight allows the elucidation of the participation of Zn in normal plant processes.
One to three years after the onset of Zn redistribution, xylem vessels in the inner trunk wood become plugged (Brlansky et al., 1984) , water conductivity is decreased * Corresponding author; e-mail ktaylor@ag.arizona.edu; fax 1-520-621-7186. (Young and Garnsey, 1977) , and water-stress symptoms develop (Albrigo et al., 1986) . Altered Zn distribution may be directly associated with subsequent drought symptoms. Zn deficiency is correlated with disruption of xylem elements and abnormal xylem function in cabbage (Sharma et al., 1984; Sharma and Sharma, 1987) . In addition, IAA oxidase activity is reduced in blight-affected citrus (Bausher, 1982) . This symptom may be associated with a disruption of IAA turnover and activity, which affects xylem development and function. The visible symptoms of blight are accompanied by nutrient changes in the leaf phloem and xylem (Wutscher et al., 1983a, 198310; Williams and Albrigo, 1984) , including a shift in nitrogen to the amino acid pool, primarily as Pro (Hanks and Feldman, 1974; Syvertsen and Albrigo, 1984) . Pro accumulation is associated with water stress in plants (Levy, 1980; Aspinall and Paleg, 1981) .
Many enzymes in higher plants require the presence of Zn as a cofactor for optimum activity (Keilin and Mann, 1940; Vallee, 1983) . Carbonic anhydrase (Bausher, 1979) and IAA oxidase activities (Bausher, 1982) are decreased in leaf tissues of trees in the later stages of blight, consistent with the known Zn requirement of these activities (Randall and Bouma, 1973; Lindskog, 1983; Vallee, 1983) . In addition, ATP content is decreased in blight-affected trees at this stage. Zn may be important to the balance of ATP/Pi by affecting the activity of several phosphatases (Vallee, 1983) . Such effects of Zn depletion may be secondary responses to phloem Zn accumulation within blight-affected citrus trees. Zn redistribution, characteristic of the early stage of citrus blight, may cause a metabolic deficiency of Zn throughout the tree, creating alterations in tree metabolism.
The sequestration of Zn in citrus trunk phloem was studied in blight-affected and healthy trees to understand how aberrant Zn distribution may be involved in the development of citrus blight. To undertake such studies it was first necessary to purify and characterize the Znsequestering agent(s) from blight-affected citrus. Zn-binding assays indicated that similar Zn-sequestering agents are present in the trunk phloem tissue extracts of healthy and predecline and decline stage blight-affected citrus trees (Taylor et al., 1988) . However, blight trunk phloem extracts contain more Zn-binding activity than do healthy trunk Plant Physiol. Vol. 110, 1996 phloem extracts (Taylor et al., 1989) . We report here the purification and characterization of a ZBP from phloem tissue. This ZBP appears to be responsible for the sequestration of Zn, removing it from routine metabolic processes of the blight-affected tree. Partia1 N-terminal sequence of the ZBP indicates a relationship to chitin-binding proteins. In addition, we suggest that changes in phloem structure are associated with the onset of citrus blight and the accumulation of this ZBP.
MATERIALS AND METHODS

Plant Material
Phloem tissue samples were collected from fully mature (>40 years old) Valencia sweet orange (Citrus sinensis [L.] Osbeck) scions on rough lemon rootstocks (Citrus jambkiri [L.]), a blight-susceptible rootstock common in Florida. Blight-affected trees sampled for this study were positive for Zn redistribution and reduced water conductivity as described by Albrigo et al. (1986) and for the presence of the 12-kD blight-specific protein (Derrick et al., 1990) . Healthy trees lacked these symptoms. Predecline trees displayed the Zn redistribution without the reduction in water conductivity. In the field, the outer bark was scraped away from the surface at 30 to 45 cm above the graft union with the edge of a stainless steel knife blade and the phloem tissue was scored down to the cambium. Two 10-cm2 patches of phloem were sampled from each tree. Phloem was then separated at the cambium and stripped away from the tree and immediately placed into liquid nitrogen. Sampling was accomplished during periods of cambial growth (Williams and Albrigo, 1984) .
Phloem Tissue Extraction
To quantitate the recovery of ZBP, six independent purifications were performed, starting with phloem tissue samples collected from three healthy and three blightaffected trees. Frozen samples were ground in an electric coffee grinder for approximately 15 to 20 s. Phloem tissue samples (7.5 g/sample) from healthy or blight-affected trees were extracted three times each by stirring on ice for 20 min in 40 mL of cold 50 mM Tris-C1 buffer, pH 8.0, with 50 m h p-mercaptoethanol and 5% (w/w) polyvinylpolypyrrolidone. The 120-mL homogenate from each sample was strained through six layers of cheesecloth and centrifuged for 20 min at 20,000gmax. The resulting supernatant was filtered through a 0.22-pm cellulosic membrane and degassed.
Chromatographic lsolation of the ZBPs from C. sinensis Phloem tissue extracts were fractionated by ion-exchange chromatography, by applying the 120 mL of extract to a 2.5-X 14-cm QAE-Sepharose fast flow column (approximately 100 mL of bed volume). The column was washed with 300 mL of equilibration buffer (50 mM Tris-C1 buffer, pH 8.0) and eluted with 400 mL of 0.0 to 2.0 M NaCl in 50 mM Tris-C1, pH 8.0, at 4°C. Aliquots of each fraction were assayed for Zn by atomic absorption spectrometry (Perkin-Elmer model3100) and for by UV spectropho- 
SDS-PACE
Purified ZBP (50 pg) was applied to 4 to 20% gradient gels in a 30-pL final volume containing 10% sample buffer (50 mM Tris-C1 [pH 6.81, 10% glycerol, 2% SDS, 5% P-mercaptoethanol, 100 mM DTT, 0.1% bromphenol blue). Electrophoresis was carried out for 1.5 h at 150 V, constant voltage, in a pH 8.3 Laemmli buffer system (Laemmli, 1970) . Gels were silver stained using some modifications of Morrissey (1981) .
Cel Fractionation
Following SDS-PAGE of samples containing 200 pg of protein, similar unstained gels were sliced across their width into 0.5-cm fractions down the length of the gel. Each gel fraction was eluted in 1.0 mL of 0.5% HC1 in HPLCgrade water. The total Zn content eluted from each gel slice was determined by atomic absorption spectrometry.
IEF
The pI of the ZBP was determined by preparative IEF with a Rotofor (Bio-Rad). An IEF gradient (53 mL) was established from pH 3.0 to 10.0 with ampholyte at a concentration of 2% (Servalyt 3-10, Serva Biochernicals, Paramus, NJ) in Tris buffer (1 mM Tris-C1, 8 mM 3-[(cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, 5 mM P-mercaptoethanol) and up to 20 mg of protein of the Bio-Gel P6-purified ZBP. IEF was performed at 12 W of constant power, with generally 500 to 1500 V. Proteins were focused for 5 h. The pH gradient for the 20 fractions collected after preparative IEF was assessed by direct pH measurement of each fraction. Zn determinations were made for each fraction. The proteins in these fractions were further separated by SDS-PAGE (20% polyacrylamide, with pH 8.3 Laemmli buffer [Laemmli, 19701) to determine sizes of proteins in high Zn-containing fractions.
Preparation of Polyclonal Antisera
ZBP purified by ion-exchange chromatography and sizeexclusion chromatography was fractionated by preparative SDS-PAGE. The gels were stained in Coomassie blue for 5 min to identify the location of the band of interest. After the gels were destained for 30 to 45 min, ZBP bands were cut out of the gels and equilibrated in H,O (three washes of 45 min each). Gel pieces were forced through a 21-gauge needle. The shredded gel (containing approximately 200 pg of protein) was used for inoculation of New Zealand White rabbits with a boost after 21 d. A test bleed was taken at 5 weeks postinoculation. A third boost was given at 5 weeks and the sera were collected 8 weeks after the last inoculations.
Determination of Amino Acid Sequence
The amino acid sequence of the purified 5-kD ZBP was analyzed at the University of Arizona macromolecular structures facility after 4-vinyl pyridine derivatization of Cys residues under a nitrogen atmosphere (Fullmer, 1984) .
Immunochemistry
Proteins were extracted from leaves, roots, and phloem of healthy and blight-affected trees as indicated above. Xylem exudate, obtained from roots of blight-positive rough lemon seedlings, was donated by Dr. Kenneth Derrick (Lake Alfred, FL). In addition, leaves were dissected into midveins and remaining lamina to determine whether the proteins were specific to the vascular tissue in the leaf. Species distribution of the 5-kD ZBP was assessed by immunoblot analysis of protein extracts from leaves and phloem of castor bean, peach, plum, apple, corn, squash, tomato, bean, and cucumber. Chl was removed from leaf samples by incubating the extract (extraction in 50 mM Tris-C1 buffer, pH 8.0, with 50 mM P-mercaptoethanol and 5% [w/w] polyvinylpolypyrrolidone) in an equal volume of chloroform for 15 min on ice. The organic phase was removed following a 10-s centrifugation. For a11 immunoblot analyses, the proteins were separated by SDS-PAGE in a 20% polyacrylamide gel, followed by transfer to a 0.45-pm poly(viny1idene diflouride) membrane in the buffer of Towbin et al. (1979) . Electrotransfer was accomplished with the Bio-Rad Mini Trans-Blot apparatus within 45 min. Protein blots were developed as described by King et al. (1985) .
Determination of Phloem Fresh and Dry Weights
Observation of sampled phloem tissue suggested that blight-affected trees had thicker bark (phloem) than did healthy trees. A No. 9 cork borer was used to sample 1.28-cm circles from the trunk surface of 20-year-old citrus trees, approximately 20 cm above the graft union. Six discs were removed from each of three trees in the healthy, predecline, and decline stages. The discs were sealed in plastic film and stored on ice in the field. Upon returning to the laboratory the discs were weighed and then dried in a forced air oven at 60°C prior to dry weight determination.
These measurements were made with and without the rhytidome, which is the nontranslocating portion of the bark. Additionally, the starch contents of phloem tissues above the graft union of blight-affected and healthy trees were analyzed by staining with iodine-potassium iodide (Molnar and Parups, 1977) . After the tissues were stained, fresh longitudinal and cross-sections of these tissues were viewed by bright-field microscopy.
RESULTS
Purification of the ZBP
Previous results (Taylor et al., 1988 (Taylor et al., , 1989 indicated that the Zn-binding factors in healthy and blight-affected citrus phloem extracts were anionic at pH 8.0 when separated by ion-exchange chromatography using DEAE-Sephadex as the anion exchanger. In this system, a Zn mercaptide was eluted with 0.4 M NaCl. In the present study, we found that the primary Zn-binding activity was weakly bound by the quaternary chemistry of QAE-Sepharose at pH 8.0. The Zn-binding component apparently interacted with the quaternary chemistry in so far as it was isolated from QAESepharose when the isocratic equilibration buffer (50 mM Tris-C1, 0.0 M NaC1) was fractionated. This fractionation gave a Zn peak that contained 74% of the Zn applied to the column in the crude phloem extract (Fig. ZA) . When the isocratic elution was followed by a O to 2.0 M NaCl gradient, there were additional losses of Zn at a base line leve1 throughout the elution profile, with the exception of a small peak eluted by 0.43 M NaCl that accounted for 6% of the total Zn applied to the column. Subsequent purification by size-exclusion chromatography of the QAE-Sepharoseexcluded Zn peak (Fig. 18 ) demonstrated that the Zn activity was complexed, with an apparent molecular mass of 5000 D (Fig. 2) . SDS-PAGE confirmed that Zn was associated with a 5-kD protein (Fig. 3) . In addition, separation of Zn-containing fractions by preparative IEF demonstrated that the 5-kD ZBP had a pI of 6.8 (Fig. 4) . Based on specific Zn content of the 5-kD ZBP isolated from the trunk phloem tissues of blight-affected and healthy citrus, we achieved 4100-and 790-fold purifications, respectively.
Account of Zn and Protein through the Purification of 5-kD ZBP
The presence of the 5-kD protein was further correlated with the redistribution of Zn noted in the citrus blight disorder. The levels of Zn and protein in each purification step were accounted for on a total protein and fresh weight basis. The abundance of 5-kD ZBP was higher in phloem tissue from blight-affected trees. On a protein basis, there was 2.5-fold more 5-kD ZBP in the phloem of blightaffected citrus trees relative to healthy trees (Table I) . Furthermore, the blight-affected phloem tissue contained almost 6-fold more ZBP than did healthy tissue on a fresh weight basis. The Zn content per microgram of protein after ion-exchange chromatography and gel filtration was similar in healthy and blight-affected phloem tissue, which is further indication of the similar binding characteristic of the Zn ligand isolated from each tree. Zn and protein Plant Physiol. Vol. 110, 1996 determinations for three separate purifications of 5-kD ZBP were similar.
ZBP Amino Acid Sequence Analysis
Once the 5-kD ZBP was purified, its amino acid sequence was determined from the N terminus. The sequence analysis of the 5-kD ZBP represented about one-half of the protein (22 amino acid residues) (Fig. 5) . This sequence was characterized by six Cys's and five Gly's. The Cys's were present in a repetitive pattern: Cys 2 -X 5 -Cys-X 4 -Cys2-X 5 -Cys. The sequence had 45 to 80% identity with the chitinbinding domains of several classes of wound-inducible Gel-filtered, Zn-containing fractions were further purified by preparative IEF. Fractions (2 mL) were assayed for Zn content and pH. Zinc peaks with pl 1 2 were associated with an ampholyte. The pl for the 5-kD ZBP was 6.8.
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proteins. Hevein is a member of this group of chitin-binding proteins. It is a 5-kD protein that is present in the latex of the rubber tree and has been shown to have antifungal activity against several plant pathogenic fungi (Van Parijs et al., 1991) . These proteins may be induced by a number of environmental and pathogenic stress conditions, such as drought, heat, heavy metals, vira1 infection, insect feeding, and funga1 infection (Raikhel and Broekaert, 1993) . The presence of this type of protein is only correlated with plant stress, with no indication of the source of that stress. The sequence had 71 to 80% identity with several chitinases, 45 to 57% identity with the four chitin-binding domains of the wheat germ agglutinin isolectin A, and 60% identity with mature hevein from Heveu brusiliensis (Fig. 5) .
lmmunochemistry
The ubiquity of the 5-kD ZBP was investigated by assessing the cross-reactivity of the 5-kD ZBP with tissues from a number of plant species. Polyclonal antiserum for the 5-kD ZBP was used in immunoblot analyses. We demonstrated that this antiserum was specific to the 5-kD ZBP, since it did not cross-react with proteins of similar molecular mass in leaf or phloem extracts from a range of woody and herbaceous species, genera, and families (see "Materials and Methods" for species screened; data not shown).
Symptom expression and whole-tissue analysis of leaf and trunk phloem tissue in blight-affected citrus led investigators to suggest that Zn was redistributed from the leaves to the trunk phloem above the graft union. We performed immunoblot analyses to investigate this suggestion. The 5-kD ZBP was localized in the vascular tissue of blight-affected and healthy citrus. The 5-kD ZBP appeared to be specific to phloem in assays of soluble proteins extracted from leaves, roots, phloem tissue, and xylem exudate (Fig. 6 ) and in assays of proteins extracted from whole leaf, leaf lamina (without midvein), and midvein (Fig. 7) .
Phloem Fresh and Dry Weights
Earlier casual observation indicated that the thickness of phloem tissue of blight-affected citrus might be greater than that of healthy citrus. We determined the relative fresh and dry weights of bark (rhytidome plus translocating phloem) for blight-affected and healthy citrus. For both fresh and dry weights, the bark of decline-stage trees weighed 14% more than that of healthy trees (Table 11) . When the translucent phloem tissue (translocating region) was separated from the rhytidome, differences in phloem mass between healthy and blight-affected citrus were more apparent. Fresh and dry weights for this portion of the phloem were 48 and 37% greater, respectively, in blightaffected than in healthy phloem. The fresh/dry weight also was 8.5% greater in the translocating region of phloem from healthy than from blight-affected trees. The starch content of phloem tissues above the graft union of blightaffected and healthy trees was also compared. No differences in starch content were detected when fresh sections were viewed by bright-field microscopy.
DISCUSSION
The 5-kD ZBP was purified from trunk phloem tissue of blight-affected and healthy citrus. Based on specific Zn content of the 5-kD ZBP from these tissues, we achieved 4100-and 790-fold purifications, respectively. This ZBP was increased in concentration 2.5-fold on a protein basis with the occurrence of citrus blight. We demonstrated a 6.5-fold increase in the ZBP on a fresh weight basis in an earlier report (Taylor et al., 1989) . The presence of the 5-kD ZBP in healthy trees suggests a role in normal citrus tree metabolism. However, its relative abundance along with Zn accumulation in trunk phloem tissue of blight-affected citrus strongly suggests that the protein has some role in the citrus disorder. With further characterization we may be able to determine its role in the etiology of the citrus blight disorder as well as understand its significance to Zn homeostasis in general.
The binding of Zn by 5-kD ZBP was stable throughout a number of purification steps, including nondenaturing and denaturing electrophoresis. Earlier data suggested that the ZBP was able to bind Zn in excess of that found to be associated with the citrus phloem extracts. These characteristics suggest a function in metal binding, possibly for metal homeostasis under stress conditions. The 5-kD ZBP appears to be a suitable ligand for Zn as well as for several other metals. Zn-binding fractions also bind Pb and Cd (Taylor, et al., 1988) . Like the phytochelatin polypeptides and metallothionein proteins (Robinson et al., 1990; Steffins, 1990 ), the citrus ZBPs are anionic at pH 8.0, and their binding is temperature stable and reversibly pH labile (Taylor et al., 1989) .
The ZBP is similar to other metal ligands in plants, such as the phytochelatin polypeptides and metallothionein proteins (Robinson et al., 1990; Steffins, 1990) . Based on amino acid sequence data for the 5-kD ZBP, 27% of the sequenced amino acid residues were Cys's, 23% were Gly's, and 4.5% were glutamate. Despite the high Cys percentages and the Cys-x-Cys arrangements, the overall percentages and arrangements of these amino acids were more consistent with the chitin-binding domain of class I chitinases than phytochelatin or metallothionein sequences. Block analysis (Henikoff and Henikoff, 1994) of the sequence was in the 100th percentile (with a score of 1645) for similarity with the chitinase from Phaseolus vulgaris (Broglie et al., 1986) . The overall sequence identity of the N-terminal sequence with the chitin-binding domain of the P. vulgaris chitinase is 80%. The sequence identity between 5-kD ZBP and other class I (hevein-like) chitinases was also high (71-78%). When structural fidelity was considered, the sequences had even greater similarity (up to 85%). Several Cys's (residues 2, 8,13,14, and 20), a key Pro (residue 9), and a hydrophobic region (residues 17-19) were conserved in the sequence.
The identity of the 5-kD ZBP with a number of proteins having chitin-binding domains was surprising, given the apparent metal-binding function of the ZBP. Such metalbinding function has not been reported for chitin-binding proteins of the type found in class I chitinases. Perhaps divalent cations are bound by the Cys residues that occupy a large portion of the typical chitin-binding domain. Certainly there are reports of Ca and Mn binding by the leguminous lectins as well as some mammalian membranebound lectins (Sharon and Lis, 1989) . However, metal binding is accomplished through aspartate residues rather than Cys's. The chitin-binding capacity by the Cys residues of the ZBP is under investigation. Such cross-linking effects may have been the antagonizing factor that interfered with the antimicrobial activity of the two chitin-binding, antimicrobial peptides (Ac-AMPl and Ac-AMP2) of Amaranthus caudatus (Broekaert et al., 1992) when challenged with a monovalent versus divalent cation. An understanding of potentially antagonistic roles of metal and chitin in 5-kD ZBP function may be useful for elucidating the etiology of citrus blight as well as improving the understanding of chitinases and other wound-inducible proteins in plant response to stress and disease. Large quantities of vascular tissues can be separated easily for study of their constituents. Therefore, we were able to use immunoblot analyses to localize the ZBP on a tissue level. Our western blot analyses indicated that the 5-kD ZBP was specific to the vascular tissue and may be phloem specific. Zn accumulation occurs first in the phloem of blight-affected citrus. ZBP specificity to the phloem would correlate with apparent changes in phloem tissue suggested by the changes in fresh and dry weights and bark thickness associated with the occurrence of citrus blight. In addition, there was no immunological evidence of 5-kD ZBP in root xylem exudate, despite documentation of eventual accumulation of Zn in the outermost trunk wood tissue of late-stage blight-affected trees (Smith, 1974; Wutscher, 1981) . Immunocytological studies are underway to localize these ZBPs with respect to phloem cell type.
Increases in tissue weight and thickening of bark associated with blight suggest that structural change of the phloem tissue accompanies the disorder, possibly affecting the integrity of the tissue. Microscopy data (Taylor and He, 1994) demonstrated that phloem structure was adversely affected in blight-affected trees. Our measurements indicated that the greatest change in the phloem tissue of blight-affected trees was a gain in fresh weight with progression to the decline stage of the disorder. This may be an indication of a relative decrease in cell wall (structural) components or an increase in hygroscopic components such as starch. However, the iodine-potassium iodide test for starch indicated no such accumulation in that tissue. Previously, we demonstrated that phloem tissue of blightaffected citrus had almost twice as much protein per gram fresh weight as phloem tissue from healthy citrus (Taylor et al., 1989 ). Yet there was almost a 6-fold increase in ZBP accumulation in that tissue on a fresh weight basis. The protein fraction that increased in blight-affected citrus was correlated with an apparent increase in hydrophilicity of that tissue, accounting for the increased fresh weight in blight-affected relative to healthy tissues. These vascular changes are in addition to others noted in the xylem of blight-affected trees (Cohen, 1978; Vasconcellos and Castle, 1994) .
Phloem fresh weight and dry weight increases together with accumulation of the 5-kD ZBP indicate that both structural and compositional changes accompany the occurrence of citrus blight. The accumulation of the ZBPs apparently is specific to the phloem tissue. Clearly, cumulative data concerning vascular changes in citrus blight and in other systems (Sharma et al., 1984; Sharma and Sharma, 1987) implicate Zn sequestration as an important factor in their occurrence. Additionally, Zn is essential for a number of processes in plant metabolism, severa1 of which could have an impact on vascular development in plants. Therefore, it appears that Zn redistribution can cause a metabolic deficiency of Zn throughout the tree, with consequent alterations in tree metabolism. This system is unique in providing a vehicle for the study of Zn involvement in plant metabolism. We are beginning to elucidate the specific effects of Zn on vascular development.
With this work we have sought to investigate Zn redistribution, the earliest physiological change in blightaffected citrus. A ZBP associated with this early symptom was isolated and characterized. Characterization of ZBP as a chitin-binding protein opens additional avenues of exploration in the study of citrus blight. Furthermore, the unique finding that this protein is similar to chitin-binding proteins and that it tenaciously sequesters metals may have revealed a potential area for increased understanding of wound-inducible protein function in plants.
